ABSTRACT The principal curarimimetic toxin of Naja naja siamensis derivatized with biotinyl groups binds specifically both to acetylcholine receptor, isolated from Torpedo californica electric tissue, and to avidin. Isolated complexes of receptor monomer or dimer, biotinyl-toxin, and avidin were negatively stained and examined in the scanning transmission electron microscope. We measured the angle made by the radius to each avidin bound at the periphery of a monomeric unit in dimer to the axis connecting the centers of the monomers, starting at the crosslink between the monomers. We infer from the distribution of these angles that one toxin binding site is located in the range of 450 to 850 and another at about 100°further from the crosslink between the monomers. Because it is known that there are two toxin binding sites per monomer, associated with the two a chains, the bound avidins presumably point to portions of the a chains, indicating their positions relative to that portion of the 8 chain located at the crosslink between monomers in dimer.
In this paper we are concerned with the location of the a chains in the receptor. Our approach is based: (i) on the highly specific and tight.binding of curarimimetic snake toxins to the receptor (reviewed in refs. 21 and 22) ; and (ii) on the extremely high-affinity binding ofavidin and biotin (23, 24) . There are two toxin binding sites per receptor monomer (5) ; these overlap the AcCho binding sites (1, 21, 22, [25] [26] [27] , which are on the a chains.
We used the principal curarimimetic toxin from the venom of Naja naja siamensis (henceforth called simply toxin), for which the amino acid sequence (28) and three-dimensional structure (29) are known. A previously described (30) N- [3H]methyllysyl derivative of toxin ([3H] toxin) has now been further derivatized with N-hydroxysuccinimidobiotin (23) . This reagent adds biotinyl groups to the E-amino groups of lysine residues. We isolated the ternary complexes ofavidin, biotinyltoxin (B-[3H]toxin), and receptor and examined them by electron microscopy. Using the 8-8 crosslink in dimer as a landmark, we infer the relative locations of the toxin binding sites, and, hence, of portions of the a chains, from the locations of the attached avidins.
METHODS AND MATERIALS
Frequently used buffers were TNP50 (0.2% Triton X-100/50 mM NaCVl1 mM EDTA/10 mM NaPOJ3 mM NaN3, pH 7.0 unless otherwise stated) and buffer I (0.1% Triton X-100/100 mM NaCVl10 mM NaPOJ3 mM NaN3, 0.01% bovine serum albumin, pH 7.0). Receptor monomer and dimer were prepared from electric tissue of T. californica as in ref. sulfate (pH -4). The grids were examined in the scanning transmission electron microscope at the Brookhaven National Laboratory, operated at 40 kV, with electron doses of 10-50 per A2; the specimen was held at -130'C. Much of the microscopy was done with the operator unaware of the identity (experimental or control) of the specimen so as to minimize bias in selection ofthe material to be photographed. Micrographs were taken with scan widths of either 0.26 um (X250,000) or 0.52 ,am (x 125,000).
We determined the angles between the axes of dimers and associated avidins (see inset Fig. 4A) Electron Microscopy. Typically, we examined pooled fractions from the heavier side of the receptor peak, comparable to fractions [25] [26] [27] and 28-30 in Fig. 1A . Because ["'C]Suc-avidin and avidin have identical appearances in the microscope and because both forms of the tag gave similar results, we will use "avidin" to refer both to ["'C]Suc-avidin and to avidin in describing our electron microscopic observations. Representative images of negatively stained receptor-B-[3H]toxin-avidin complexes are shown in Fig. 3 . The dimers appear as two adjacent disks; the disks often have a stain-filled pit. The associated avidin molecules are seen as smaller disks at the periphery of the receptor. The most frequent sites of avidin binding to dimer are exemplified in Fig. 3 A-N . Examples of avidin binding to monomer are shown in Fig. 3 0 and P. Of 170 images of dimer with avidin associated that were oriented so as to permit identification of the components, 15% showed more than one avidin (Fig. 3 H-N) .
Not all the images were unambiguously interpretable. We excluded from our analysis cases in which avidin molecules were Biochemistry: Holtzman et al. hr at 31,000 rpm in a SW 60Ti rotor. o, 3H; *, 14C. immediately adjacent to one another, such as in Fig. 3S , because these could result from binding of more than one avidin to the same B-[3H]toxin. Consistent with this possibility, we observed chains of avidin not associated with receptor. In addition, samples from progressively heavier regions ofthe peaks contained increasing numbers of clusters (e.g., Fig. 3T ) produced, apparently, by crosslinking ofreceptors through the avidins. (As already mentioned, avidin is multivalent.) Finally, some of the structures associated with receptors could not be
clearly identified as avidins because of their sizes or peculiar appearances (e.g., Fig. 3 Q and R). We measured the angle made by each avidin associated with a dimer to the axis connecting the centers ofthe two monomers comprising the dimer (Fig. 4A Inset) . The distribution of these angles has its most prominent peaks in the ranges of60°480°and 140°-1600 (Fig. 4A) . The smaller peak at 20°-40°reflects the fact that when we measured an avidin located in the region of contact between the monomer units of dimers we chose the assignment of tag to monomer that would result in an acute angle (e.g., 200 rather than 3400).
We do not know whether the receptor orients face-down or face-up on the grid. The distribution of avidin angles suggests that both orientations occur, because the peaks at 220°-2400 and at 3000-3200 in Fig. 4A approximately superimpose on the peaks at less than 1800 when receptor images are turned over so as to minimize the smallest tag angle (Fig. 4A') . We estimate the means of the two peaks in Fig. 4A ' by splitting the distribution at 1100; the mean and SD of the angles less than 1100 are 650 ± 210 (n = 81) and of the angles 1100 and greater, 1500 ±28(n 118).
Ifwe consider only those dimers bearing two avidins on the same monomer (e. g., Fig. 3 L and M) , we obtain the distribution shown in Fig. 4B . Prominent peaks are seen at 600°800 and at 160°-1800. If we flip the receptors so as to minimize the least angle, we obtain a distribution showing peaks at 600°800 and at 180°-200° (Fig. 4B') . Splitting the distribution in Fig. 4B ' at 1200, we calculate the means and SDs of the two peaks to be 720 ± 200 and 1810 ± 290 (n = 12).
The distribution ofdifferences between the angles for the two avidins on single monomeric* units of dimers (Fig. 4C ) has a mean value and SD of 1090 + 280 (n = 12). In preparations of receptor in monomeric form, we also observed cases in which two avidins were bound to the same monomer ( Fig. 3 0 and P). The distribution of the angles separating the avidins in such cases (Fig. 4D ) has a mean of 1130 ± 330 (n = 27), in close agreement with that obtained for monomers in dimer.
The association of avidin with receptor was much less frequent when toxin was substituted for B- Histograms of the differences (F) and the sums (F') of the angles made by avidins in the cases from A in which avidins were associated with both monomers of a dimer (as in Fig. 3 H-J) . When two avidins were associated with one monomer, the angles of each of the two were subtracted from (F) and added to (F') the angles of the avidins associated with the second monomer (n = 22).
responding preparation in which the receptor was incubated with toxin before B-[3H]toxin, of 52 dimers, 13% were associated with avidin. The distribution of binding of avidin to receptor in control preparations is broad (Fig. 4E) (33) , and biotinyl (34) groups does not abolish the ability to bind to receptor, although the binding is progressively weakened with increasing substitution of the toxin's five lysine residues.
Although we do not know to which of the lysine residues the biotinyl groups are attached, in the three-dimensional structure of the N. naja siamensis toxin (29) , no two lysine residues are more than about 30 A apart. (The maximum dimension of the toxin as a whole is about 40 A.) If, therefore, some toxin molecules had more than one biotin attached, these could not be more than about 30 A apart. This bears on the question of whether two avidins bound to the same monomer are likely to be associated with a single molecule of multi-biotinylated B-
[3H]toxin. From our measured distribution of the tag angles and the dimensions of the receptor monomer (14) Avidin is a tetramer with roughly the shape of a cylinder 55 A in diameter by 41 A in height and with four binding sites for biotin (24) . The highly positively charged avidin tends to stick nonspecifically to negatively charged surfaces such as membranes and resins. This tendency can be diminished by succinylation (31) . We found that exhaustively succinylated avidin , we would expect 80% of the receptor dimers to be labeled with avidin and half of those labeled to bind more than one avidin. In the electron micrographs, 60% of the interpretable dimers show associated avidins. The remainder of the avidins that we detect on the gradients probably are involved in the clusters and in other configurations so oriented that we cannot interpret them. The relative paucity of multiply labeled dimers in our sample (15% of labeled dimers) may be due to a number of factors, including an increased likelihood of crosslinking into clusters through avidin-B-[3H]toxin and a decreased rate of binding of a second avidin due to charge repulsion.
Electron Microscopy. The appearance of receptor-B-
[3H]toxin-avidin complexes on the grid is similar to that of native receptor in membrane or isolated dimer alone, suggesting that, whatever distortion or flattening may occur on interaction of the complexes with the grid surface or the stain, the receptor in the complexes is oriented roughly normal to the grid surface.
We have no way, however, of determining which face of the receptor is oriented toward the viewer. The results of the flipping (Fig. 4A') suggest that we are seeing avidin bound to receptor oriented both face-up and face-down. The distribution of all measured tag angles (Fig. 4A) shows four peaks. That this distribution reflects the binding of avidin to two discrete sites is supported by the following: (i) the su- perimposition ofpeaks on flipping (Fig. 4A') .
(ii) The similarity of the overall distribution of angles (primarily that of single avidins bound per dimer) to the distribution of tag angles when two avidins are bound to the same monomeric unit (Fig. 4 B and B'). The angles between avidins when two are bound per monomeric unit of dimer, or per monomer (Fig. 4 C and D) are similar to the difference between the peaks of the overall distribution of flipped angles, that is, about 1000. (iii) Given the crosslinking of dimer through identical chains, there probably is an axis of symmetry through the disulfide crosslink. Therefore, the toxin binding sites are likely to be axially symmetrical with respect to the contact between monomers in dimer, and the distribution of the difference between the angles of avidins on different monomers in a dimer should peak at 00 and at about 1000. Such a distribution is obtained (Fig. 4F) .
[Were there instead mirror symmetry (tags symmetrical across the plane between monomers), the sum ofthe tag angles would have a principal peak at 3600 (i.e., 00). This is not obtained (Fig. 4F') .] How accurately does avidin point to the toxin binding sites on the receptor? The size of the avidin molecule is not the limiting factor, because we base our measurements on the centers ofthe molecules and the contact points. More significant factors are the size of toxin, its disposition on the a chains of the receptor, and the locations on the toxin of the biotins effective in formation of the complexes with avidin. From the structure of toxin, no biotin moiety can be more than about 30 A from the receptor binding site on the toxin, and no two biotins on the same toxin can be more than 30 A apart. A 30-A chord on a 90-A-diameter disk, such as receptor monomer, subtends about 400, which is thus the maximal possible displacement in our localization ofthe toxin binding sites. The SDs ofthe distributions around the peaks in the histograms (Fig. 4 A' and B') are 20°-30°, suggesting that we are locating bound B-[3H]toxin to within about ±25°.
The results of this paper are most easily interpreted as locating one of the a chains next to the 8 chain, in accord with the results of the crosslinking of toxin to receptor (25) (26) (27) . Ifwe assume that the two a chains ofa monomer are arranged so that they are superimposable by rotation around the axis of the pit and that they subtend an angle at the pit roughly proportional to their mass (about 600), then, if the toxin sites are separated by about 1000, as shown here, the a chains cannot be contiguous. The arrangements SafBay and Saya/3 are consistent with our findings and with the location of the /8 chain in receptor trimers (35) . The former arrangement has also been suggested on the basis of image reconstruction and crosslinking (36) .
